Abstract: Poly(vinylidene fluoride)-silver nanoparticle (PVDF-Ag) composites were synthesized by in situ reduction of silver salt using dimethylformide (DMF) as both a solvent and a reductant. The crystalline properties (e.g., crystallinity and the types of crystals) of the composites were characterized. It was shown that PVDF in the composites had a higher melting temperature than pure PVDF, and the α phase crystal in the composites became more stable with an increase in the amount of silver nanoparticles. The mechanical properties and morphologies of the composites were also investigated. It was noted that the PVDF-Ag composites have better mechanical properties when silver nanoparticles were added. The increase in toughness could be attributed to the formation of continuous structure between PVDF and silver particles.
Introduction
Synthesis of polymer-nanoparticle composites (e.g., polymer-metals [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , polymerclay [12] , polymer-CaCO 3 [13] , polymer-heteropoly acids [14] , polymer-silica nanoparticles [15] , polymer-TiO 2 [16] and polymer-nanofibers [17] ) have attracted increasing interests in both materials research and nanotechnology development due to their potential applications as catalysts [4] , filtration medium [9, 12, 18, 19] , antibacterial materials [1, 2, 8] , reinforced polymeric materials [17] and chemical, electronic and optical sensors [5, 11] . The ultimate properties of the composite materials strongly depend on the synthesis methods and their morphology and structures.
Polymer-metal composites have emerged as a new type of nanocomposite materials and have been studied extensively [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . A variety of metals (including gold, silver, and nickel) and polymers (including polyester, polyamide, and fluoride polymers) have been used to prepare such composites via different methods such as direct mixing (co-precipitation method) [3, 7] , surface deposition [1, 2] , and to some extent, more delicate approaches of electrospinning [8, 20] , thermal decomposition of metal salts [10, 21] , and in situ production [4, 22] .
However, in situ growth of silver nanoparticles in the matrix of PVDF is rarely studied [21] in the literature. This research focused on the synthesis of PVDF-silver nanoparticle composite because of the excellent properties of both PVDF and silver nanoparticles. PVDF, a semi-crystalline polymer, has good resistance to acid, base and most solvents. It also has good thermal stability and can be easily processed to make membranes and films. When formed by in situ reduction of silver salt, the silver nanoparticles possess a large surface area, good electron conductivity, catalytic activity, and antibacterial properties [23] . Therefore, the nanocomposites so formed have potential applications for catalyst [24] , antibacterial reagent [25] , and sensors [26] . The synthesis of PVDF-silver nanoparticles composite with excellent mechanical properties by in situ reduction of silver salt was the main purpose of this paper
Results and discussion Figure 1 shows the DSC spectra of the PVDF-silver composites prepared. It is shown that the melting temperature of PVDF was increased when it was embedded with silver nanoparticles. And the higher the content of the silver nanoparticles, the higher the melting temperature of PVDF. Campos et al. [27] reported that CaCO 3 acted as an anti-nucleating agent for PVDF crystallinity and resulted in a reduction in the melting temperature, whereas Lebedev [28] reported that the melting temperature and crystallinity of PVDF increased with an increase in the content of nickel in the composite. Patro [29] attributed this to the formation of β phase crystal when clays were added into a PVDF matrix. Here we observed different results that more α phase crystals were formed with more silver was present in the composites, as shown in Figure 2 . It is believed that more silver nanoparticles, which acted as nucleating agent for PVDF crystallinity, resulting in the higher melting temperature. As mentioned above, the content of α phase crystals increased with an increase in the content of silver nanoparticles in the composites. This was opposite to previous reports that the added clays would induce more β phase crystals in the PVDF-clay composites, especially in those composites that contained polar organics-modified clays. In our study, the in situ formed silver nanoparticles played a role of nucleating agent in favor of the formation of more stable α phase crystals. Figure 3 shows the mechanical properties of the composites. The machanical strength slightly increased when 1 wt.% silver nanopaticles was added in the composite film. However, when the content of silver nanoparticles was increased to 10 wt.%, both the stress and extension of the film dramatically increased. This can be explained that a small amount of silver particles in the composite films only enhanced the crystallinity of PVDF (as shown in Figure 1 ), while the silver particles also changed the structure of the composites if the silver content is sufficiently large. This can be confirmed by the SEM images of the composites, as shown in Figure 4 . The structure of PVDF20-Ag1 was similar to that of pure PVDF film (PVDF20) except for the formation of larger granula of PVDF crystals and higher packing density which contribute to the slightly higher stress of the film. On the contrary, PVDF20-Ag10 has a totally diferent structure from. The granula of PVDF crystals disappeared and was replaced by continuous bulk materials. The formation of this continuous structure may be due to the interaction between the silver nanoparticles and the PVDF crystal granula. The formation of silver nanoparticles can be verified by the UV spectra of the solution used to prepare the films. As can be seen from Figure 5 , the strong absorption peak at 420 nm presented the formation and stability of silver nanoparticles in the PVDF solution reduced by DMF. However, the intensity of absorption peak at 420 nm dramatically decreased and shifted to higher wavelength at the similar condition with the absence of PVDF in the solution. This phenomenon can be contributed to the interaction between the silver nanoparticles and the PVDF. PVDF acted as dispersion agent for the formed silver nanoparticles. While the concentration of PVDF increased to 15%, the silver nanoparticles tend to aggregate (peak at 315 nm) for the increase of viscosity of the solution. 
Experimental part
Two homogenous solutions containing 20 wt.% PVDF and different amount of silver nitrate (0.2 and 2 wt.% silver nitrate, respectively) were prepared using DMF as a solvent at room temperature. A film was prepared by the solution casting onto a glass plate. The solution changed from transparent to dark yellow after being aged for 20 h at 60 o C with stirring, as a result of the formation of silver nanoparticles via in situ reduction of silver nitrate by DMF. Then the solution was set to stand aside for another 5 h and a film was formed on the glass plate. The film was peeled off after immersing in pure water to induce a phase inversion, and then dried in a vacuum oven at 60 o C. The composite films were designated as PVDF20-Ag1 and PVDF20-Ag10, respectively. A pure PVDF film without Ag nanoparticles, designated as PVDF20, was also prepared using the similar method. In order to check the role of PVDF for the formation of silver nanoparticles, silver nanoparticles colloid solutions (10% Ag) with 0, 1 and 15% PVDF were prepared. (Further increasing the concentration of PVDF to 20% results in infeasible for UV measurement due to the high viscosity). UV spectra of the solutions (Ag nanoparticle reduced by solvent DMF with and without PVDF) were recorded using a PGENERAL TU-1901 with a 1 cm light path quartz cell.
Differential scanning calorimetry (DSC) spectra were determined using a PERKIN ELMER DSC7 at a heating rate of 10 o C/min over a temperature range from room temperature to 200 o C. X-ray diffraction pattern was recorded at room temperature using Cu radiation with a powder diffractometer D8 DISCOVER (Bruker AXS). The mechanical properties were studied using a material testing machine (YG605). Scanning electron microscopy images were examined using a JSM-6700F.
